In light of recent studies, many of the cytoplasmic posttranscriptional mRNA processing steps take place in highly specialized microdomains referred to as cytoplasmic bodies. These evolutionarily conserved microdomains are sites of regulation for both mRNA translation and degradation. It has been shown that in the larch microsporocyte cytoplasm, there is a significant pool of Sm proteins not related to snRNP complexes. These Sm proteins accumulate within distinct cytoplasmic bodies (S-bodies) that also contain mRNA. Sm proteins constitute an evolutionarily ancient family of small RNA-binding proteins. In eukaryotic cells, these molecules are involved in pre-mRNA splicing. The latest research indicates that in addition to this well-known function, Sm proteins could also have an impact on mRNA at subsequent stages of its life cycle. The aim of this work was to verify the hypothesis that canonical Sm proteins are part of the cytoplasmic mRNP complex and thus function in the posttranscriptional regulation of gene expression in plants.
the cytoplasmic bodies and the metabolic activity of the cell was shown. A total of 222 mRNAs were identified as cytoplasmic partners for Sm proteins, and they comprise three major categories of Sm protein-associated mRNAs that code for proteins related to (i) ribosomes/translation, (ii) mitochondria/energy metabolism and (iii) chloroplasts/photosynthesis. Moreover, the distribution analysis of P-body markers (i.e., LSm4, DCP2, AGO1 and RS28) showed that Sm protein-mRNA cytoplasmic bodies are not functionally related to P-bodies. Based on the results obtained in this work and studies on other model eukaryotic cells, we propose that Sm protein-mRNA bodies constitute newly described cytoplasmic domains, as implicated in the posttranscriptional regulation of highly expressed transcripts, particularly in cells in which mRNA synthesis occurs in transcriptional bursts.
Results

S-bodies: cytoplasmic bodies rich in the Sm proteins and polyadenylated mRNA
A double labeling assay of the core spliceosomal Sm proteins and poly(A) RNA revealed a remarkable distribution of these molecules within the cytoplasm ( Fig. 1, Supplementary Fig. 1 ).
Fig. 1 S-bodies: cytoplasmic bodies rich in the Sm proteins and poly(A) RNA.
A-C, Localization of Sm proteins and poly(A) RNA in microsporocytes during diplotene. Visible numerous accumulation of Sm proteins in the colocalization of poly(A) RNA (arrowheads). The right panel represents the magnification of the cytoplasm, which is marked with a square. CB -Cajal body. Bar -15 μm. D-E, Ultrastructural analysis of microsporocytes. Visible nonmembrane bound cytoplasmic structures (arrowheads).n -nucleus, cyt -cytoplasm, ER -endoplasmic reticulum. Bar -1 μm. F-G, Location of the Sm proteins in the cytoplasm of the microsporocytes as determined by the immunogold method. Visible accumulations of gold grains (20 nm) in isolated cytoplasmic clusters (arrowheads). Bar -0.5 μm.
Distinct 0.5 -1 µm cytoplasmic foci were observed, in which a significant amount of polyadenylated transcripts had accumulated, in colocalization with Sm proteins. To verify the specificity of the observed labeling, three different antibodies were used for Sm protein localization, namely, commercially available Y12 MAbs ( Fig. 1 A) , Y12 MAbs from Matera's laboratory ( Fig. 1 B) and the ANA No. 5 human reference anti-serum ( Fig. 1 C) . All the antibodies used showed a similar pattern of labeling with a well-established, characteristic nuclear pool of Sm proteins present in the nucleoplasm and Cajal bodies (CBs). Moreover, numerous discrete foci of Sm protein accumulation were observed in the cytoplasm and colocalized with poly(A) RNA ( Supplementary Fig. 3 ). The ultrastructural analysis revealed spherical, nonmembrane bound microdomains with a diameter of 0.4 -1 µm ( Fig. 1 D, E) . The immunogold assay confirmed that a noticeable portion of the Sm proteins accumulated within distinct cytoplasmic structures ( Fig. 1 F,   G ). Based on these observations and taking into consideration the general nomenclature used for this type of microdomains, we propose a name of S-bodies for these structures.
S-bodies are formed during the cytoplasmic export of poly(A) RNA
Larch microsporocytes exhibit a rigorously regulated pattern of metabolic activity. During the diplotene stage of meiosis, five bursts of de novo synthesis of poly(A) RNA occur, separated by periods of transcriptional silencing 32 . Each of these cellular poly(A) RNA turnover cycles comprises subsequent stages of nuclear synthesis, cytoplasmic export and degradation of mRNA ( Fig. 2 , Kołowerzo et al., unpublished) . A detailed microscopic analysis showed that the S-bodies emerge periodically in each of the five cycles of poly(A) RNA turnover. Based on the transcription rate and localization of the poly(A) transcripts, the longest and most intensive fourth cycle could be divided into seven stages. Shortly after intensive synthesis in the nucleus (stages I and II, Fig. 2 A) , poly(A) RNAs are transported to the cytoplasm, as indicated by an increasing level of labeling in this compartment (stages III through VII; Fig. 2 A) . A remarkable ring-like accumulation of poly(A) RNA was observed around the nucleus, reflecting the pool of newly exported transcripts.
Additionally, starting at stage III of the cycle, distinct foci of the poly(A) RNA and Sm proteins were observed and represented the S-bodies. At stage IV, the number of bodies was the highest in the whole cycle (380 ± 35 bodies per cell, Fig. 2 B) . During the subsequent stages of cytoplasmic RNA localization, this number was consequently decreased (stages V through VII, Fig. 2 B) . It should be emphasized, however, that throughout the whole period when S-bodies were observed, there was a significant colocalization of both poly(A) RNA and Sm proteins (PCC = 0.69 ± 0.02, The overlap coefficient gradually increased as the cytoplasmic export of mRNAs proceeded: from 35.76 ± 3.09% at stage III to 88.03 ± 2.13% of the total cytoplasmic Sm protein pool at stage VI ( Fig. 2 E) . We also estimated the percentage of the cytoplasmic poly(A) RNA pool that was in Sbodies during the fourth cycle of transcriptional activity at the diplotene stage. The analysis revealed that 3.08 ± 0.42% of the total cytoplasmic pool of poly(A) RNA had accumulated in cytoplasmic bodies, and this accumulation was consistent throughout the cytoplasmic phase of the RNA cell cycle (differences between stages were not statistically significant, ANOVA, p>0.05,
Fig. 2 F).
To test the relationship between the occurrence of cytoplasmic bodies and the metabolic state of the cell, a quantitative analysis of the marker for transcriptional activity (active RNA pol II) was performed in the 3 cycles of the most intensive poly(A) RNA turnover ( Fig. 3 ). During the stages of RNA cytoplasmic export (stages III-VII, see Fig. 2 A), i.e., when the Sm proteins and polyadenylated transcripts accumulate within cytoplasmic bodies, the transcriptional activity was considerably decreased compared to the transcriptional activity in the nuclear stages of mRNA synthesis (stages I-II, see Fig. 2 A; Fig. 3 A) . In contrast, the level of the marker for potential translational activity (5S rRNA) showed no correlation ( Fig. 3 B) . These results indicate that the formation of S-bodies in the cytoplasm is slightly postponed with respect to bursts of nuclear mRNA synthesis and that these microdomains appear in periods of decreased transcriptional activity. 
S-bodies are not sites of spliceosomal particle accumulation
The well-known and broadly documented role of Sm proteins in the nucleus is their participation in pre-mRNA splicing. Sm proteins bind uridine-rich small nuclear RNAs (U snRNAs) in the form of a heptameric ring around the transcript, creating the core spliceosomal ribonucleoparticles U1, U2, U4 and U5 snRNPs . The assembly of U snRNP involves a highly dynamic cytoplasmic stage at which the Sm proteins are loaded onto the U snRNA transcripts and the 5' trimethyl-guanosine (m3G) cap is formed . Moreover, our previous research revealed that, during larch meiosis, the cytoplasmic stage of U snRNP assembly can occur in two spatially distinct manners: it may be diffused throughout the cytoplasm or localized within snRNP-rich cytoplasmic bodies (CsBs). The assembly mode depends on the rate of U snRNP de novo formation and the amount of U snRNP in the nucleus . Thus, it could not be precluded that the S-bodies are related to the assembly and/or sequestration of spliceosomal elements. To test this possibility, the cellular distribution of both the nucleotide (U1, U2, U4, U5 snRNA, and m3G cap) and protein (U2B'') components of the U snRNPs were analyzed in relation to the Sbodies ( Fig. 4 , Supplementary Fig. 2 ). All the spliceosomal components were specifically localized within the nucleus, with significant accumulation in Cajal bodies (CBs). In contrast, no signal in the form of distinct clusters of U snRNA, m3G cap or U2B'' protein was observed in the cytoplasm, indicating that the formation of S-bodies does not coincide with the stage of U snRNP assembly in the cytoplasm. The lack of any U snRNP components and the presence Sm proteins in the S-bodies demonstrates that the bodies represent the cytoplasmic pool of canonical Sm proteins acting outside of the spliceosome, and that this localization is presumably related to mRNA.Identification of Sm protein-associated cytoplasmic mRNA transcripts
To identify the mRNA transcripts that accumulate within S-bodies, we employed an RNAimmunoprecipitation (RIP) approach against the Sm proteins from the larch microsporocyte cytoplasm, followed by high-throughput sequencing of the immunopurified RNAs (RIP-seq). Since all three anti-Sm antibodies used for the assays in situ could label the cytoplasmic bodies with comparable specificity and strength (see Fig. 1 ), an additional validation of the results from the RNA immunoprecipitation analyses was performed to select the most efficient antibody to use for further analysis ( Fig. 5 A) .
The enrichment of U2 snRNAa canonical cellular partner of the Sm proteins was estimated, and the results were normalized to 5S rRNA (which does not interact with Sm proteins). The experiment revealed that the Y12 MAbs obtained from Matera's laboratory was the most effective for the RIP assay, precipitating over 1130 times more U2 snRNA than the control (mock IP; no antibody added). This was significantly different than the 84-fold and 12-fold enrichment obtained To test whether the immunoprecipitated mRNAs are indeed accumulated within S-bodies, the spatial distribution of the transcripts was analyzed in situ. From the 222 Sm protein-associated mRNAs 16 were selected, representing different cellular functions and localization. A double labeling assay of the larch microsporocytes was performed for the Sm proteins and each of the selected mRNAs ( Fig. 6 , Supplementary Fig. 3 ).
The microscopic analysis confirmed the specific locations of the 13 mRNAs within the cytoplasmic bodies. This specific distribution pattern was observed for mRNAs that encoded diverse proteins, including those involved in translation ( Fig. 6 A, Supplementary Fig. 3 A, C, D), energy metabolism ( Fig. 6 B, Supplementary Fig. 3 F) and photosynthesis ( Fig. 6 C, Supplementary Fig. 3 I), as well as structural proteins of the cytoskeleton ( Fig. 6 D, Supplementary Fig. 3 B) .
Additionally, S-bodies were enriched in several mRNAs related to protein folding (Supplementary Double labeling of these mRNAs with Sm proteins revealed that both of them were found in the cytoplasmic bodies, although without noticeable accumulation (i.e., there were no differences between the level of staining within the cytoplasmic bodies and in the surrounding cytoplasm). For the mRNA that encodes a light-independent protochlorophyllide oxidoreductase (LI-POR), the level of staining was below the limit of detection ( Supplementary Fig. 3 M) .
In the next step, we performed an additional analysis of the 14 mRNAs that were identified in the cytoplasmic transcriptome (unpublished data) of the larch microsporocytes, but not enriched in the Sm protein-immunoprecipitated pool of transcripts obtained via RIP-seq assay. Surprisingly, the accumulation within the S-bodies was observed for 11 of the 14 mRNAs ( Supplementary Fig. 4 ).
The pattern of distribution was comparable to the RIP-seq identified transcripts. In addition to the mRNAs encoding proteins of the plastid ( Supplementary Fig. 46 The lack of cytoplasmic accumulation within these microdomains was observed solely in the case of mRNAs encoding SmD1, SmD2 and SmE proteins ( Supplementary Fig. 46 L) . This finding demonstrates that the S-bodies are not sites of de novo Sm protein synthesis.
The cytoplasmic Sm proteins interactome.
The next aim was to examine whether the S-bodies are functionally related to other microdomains, e.g., P-bodies and/or stress granules. To select potential markers for these structures, the cytoplasmic Sm protein interactome was identified. The cytoplasmic fraction of the larch anther cells was subjected to anti-Sm immunoprecipitation, which was subsequently assessed by mass spectrometry. A total of 118 proteins were detected (Supplementary Table 1 , 2). Among the potential markers for the cytoplasmic bodies, LSm2, LSm3 and LSm4 were identified for P-bodies, and the ribosomal proteins eIF2/IF5, RL10e, RS1, RS3 and RS28 were characteristic for the stress granules (Supplementary Table 2 ).
Similar to the Sm protein RNA interactome, a significant fraction of the proteic interactome included proteins related to (i) ribosomes/translation (eIF2/IF5, RL10e, RS1, RS3, RS28, and OVA2), (ii) mitochondria/energy metabolism (SHM1 and SHM2 methyltransferases, IDH dehydrogenases, and ATM1 ABC transporters) and (iii) plastids/photosynthesis (RCA RuBisCO activase and TKL1 transketolase) (Supplementary Table 1 , 2). Furthermore, two RNA-binding protein families were identified as coprecipitating with Sm proteins: Alba (Acetylation Lowers In this context, the S-bodies are similar to the germ granules observed in animals and might be considered, to some extent, as their plant counterparts. It is worth noting that the S-bodies accumulated a number of mRNAs that were not enriched in the RIP-seq assay. Since RNA immunoprecipitation does not prove direct RNA-protein interaction and is highly dependent on details of technical procedures, it could not be ruled out that a portion of transiently and/or weakly associated mRNAs dissociated from the Sm complex during the experiment. Additionally, the cross-linking methods broadly used for the protein-RNA complex stabilization were previously shown to be inefficient for Sm proteins , as pointed out by Lu et al. .
Sm proteins as a part of the cytoplasmic mRNP complex
Therefore, it might be assumed that the Sm protein-mRNA interaction within a cell is a ubiquitous process, applying to a vast portion of transcripts, and that the number of mRNAs identified as cellular Sm partners remains underestimated.
The mechanism of Sm protein-mRNA interaction
An open question concerns the mechanism of Sm proteins selectivity toward certain types of mRNAs and mechanism of their interaction. The only Sm proteins-binding elements described to Recently, it was revealed that, in plants, U1 snRNP regulates miRNA biogenesis and mediates the interactions between the microprocessor, spliceosome and polyadenylation machinery 87, 8 .
Moreover, it was shown that, in animal cells, the interaction between Sm proteins and mRNAs is mediated by U1 and presumably other snRNPs. Twelve-nucleotide putative binding sites for the 5' end of the U1 snRNPs were identified in Sm protein-associated mature mRNAs within the coding sequence far from intron-exon boundaries. It was thus proposed that U1 snRNPs bind mature mRNAs to promote the recruitment of RNA processing factors, thereby affecting mRNA localization, translation and/or turnover . In the case of the larch microsporocytes, the Sm protein-mRNA interaction is apparently not mediated by U snRNPs, since there was no enrichment in U1 snRNA in the RIP-seq analysis. Additionally, the in situ localization of splicing elements demonstrated that the U snRNAs and m3G caps did not colocalize within the S-bodies, suggesting a different mechanism of Sm proteins-mRNA interaction in these cells. In many animal and plant species, the diplotene stage is characterized by significant chromatin relaxation, referred to as the diffuse stage of meiosis . It has been demonstrated that in Larix species, the chromatin is subject to substantial rearrangements, and the microsporocyte is highly metabolically active, increasing its volume 6-fold during this stage . In Larix decidua, metabolic This functional connection between nuclear mRNA retention, accumulation in Cajal bodies and cytoplasmic localization is further supported by the observation that as many as 20 of the 29 mRNAs investigated as cytoplasmic partners for Sm proteins were also localized to the CBs (see Fig. 6 , Supplementary Fig. 3, 4) .
Conclusion:
In summary, S-bodies represent newly described intracellular microdomains that participate in mRNA posttranscriptional regulation. Through the temporal storage of mRNAs and their spatial separation from degradation and translation factors, these domains presumably play a role in the coordination of the ongoing, frequently overlapping and competing processes of transcript maturation, translation and degradation. This strict control of mRNA fate is particularly essential in cells such as microsporocytes, in which the chromatin is periodically switched on and off and gene expression occurs in bursts. We propose a model in which the accumulation of significant amounts of different types of mRNA in cytoplasmic bodies provides a mechanism for the temporal retention and storage of highly expressed transcripts until they are needed for further translation or turnover within the cytoplasm, according to the needs of the cell. The results obtained in this work support the hypothesis that evolutionarily conserved Sm proteins have been adapted to perform a plethora of functions related to the posttranscriptional regulation of gene expression in Eukaryota. This multipurpose capacity presumably enabled them to coordinate the interdependent processes of splicing element assembly, mRNA maturation and processing, and mRNA translation regulation and degradation.
Methods
Plant material
For immunofluorescence/FISH assays, anthers of the European larch (Larix decidua Mill.) were collected between November and March at weekly intervals from the same tree in successive meiotic prophase (diplotene) stages to ensure consistent experimental conditions. The anthers were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS), pH 7.2, for 12 h and squashed to obtain free meiocytes. Meiotic protoplasts were isolated from these cells according to the method of Kołowerzo et al. 118 . Isolated protoplasts were next subjected to immunostaining, FISH and immuno-FISH assays.
For transmission electron microscopy (TEM) assays, the anthers were fixed in 4% paraformaldehyde and 0.25% glutaraldehyde GA in 0.1 M PIPES, pH 7.2, for 12 h. The samples dedicated for the ultrastructural analysis were additionally fixed with 2% OsO 4 for 12 h at 4°C.
Next, the samples were dehydrated in alcohol and embedded in LR Gold resin (Sigma, St. Louis, Mo., USA). The material was sectioned using a Leica Ultracut UCT ultramicrotome, and the ultrathin sections were placed on nickel-formvar-coated grids. For observations of the ultrastructure, the samples were contrasted with 2.5% uranyl acetate for 30 min and then incubated with 2.5% lead citrate for 15 min.
For immunoprecipitation (IP) and RNA immunoprecipitation (RIP), the larch anthers were flashfrozen in liquid nitrogen and stored at -80°C for further analysis.
Immunogold labeling of Sm proteins
Ultrathin sections were preincubated with 1% BSA in PBS pH 7. 
Design of the multi-labeling reactions
Prior to the assay, the cells were treated with 0.1% Triton X-100 in PBS for 25 min to induce cell membrane permeabilization. After labeling, the samples were stained for DNA detection with 
Double localization of the proteins
Samples were incubated overnight at 4°C with the following primary antibodies: mouse anti-m3G 
Triple labeling of the poly(A) RNA and proteins
For the triple-labeling assays, the oligo(dT) probe was first hybridized according to the method described above (overnight incubation). Next, the samples were incubated overnight at 4°C with the following primary antibodies: mouse anti-DCP2 (Sigma, Saint Louis, MI, USA; 1:20), rabbit anti-LSm4 (Sigma; 1:100) and rabbit anti-RS28 (Sigma; 1:100) in 0.01% acBSA in PBS, pH 7.2.
After washing with PBS, the slides were incubated for 1 h at 37°C with anti-mouse Alexa 488
(1:1000) or anti-rabbit Alexa 488 (1:500) in 0.01% acBSA in PBS, pH 7.2. The Sm proteins were labeled as described above with ANA No. 5 primary and anti-human Alexa 633 (Thermo Fisher;
1:200) secondary antibodies.
Confocal microscopy and image analysis
The images were captured with a Leica TCS SP8 confocal microscope at wavelengths of 405, 488, The statistical significance was determined by one-way ANOVA followed by multiple comparisons using the Holm-Sidak post hoc test.
Immunoprecipitation assays
For proteomic analysis of immunoprecipitates (IP-LC-MS/MS), contents from the cytoplasmic fraction of the cells were immunoprecipitated according to a modified protocol based on Oliva et al. 121 . Briefly, the larch anthers were ground in liquid nitrogen and homogenized in protein extraction buffer at 3 mL per 1 g of plant material. The homogenates were then centrifuged twice at 14 000 × g, followed by centrifugation at 16 000 × g for 30 min at 4°C to obtain native cytosolic protein extract. 123 . The sequence stretches with an average quality <20 over a window of 20 nt were removed, and the reads were cut immediately before the first incidence of a degenerated base. Furthermore, trimmed reads shorter than 36 nt were removed. The reads from all the libraries were pooled and assembled de novo with Trinity v.2.8.2 at default settings 124 . The transcript sequences were next analyzed with BLASTX (for putative mRNAs) and BLASTN (for other RNAs) with the use of the NCBI nr and nt databases, respectively. Consensus functions and ontologies were found by LCA (least common ancestor) methodologies implemented in Blast2GO v.4.1 125 .
